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Searches for pseudoscalar axion-like-particles (ALPs) typically rely on their decay in beam dumps
or their conversion into photons in haloscopes and helioscopes. We point out a new experimen-
tal direction for ALP probes via their production by the intense gamma ray flux available from
megawatt-scale nuclear reactors at neutrino experiments through Primakoff-like or Compton-like
channels. Low-threshold detectors in close proximity to the core will have visibility to ALP de-
cays and inverse Primakoff and Compton scattering, providing sensitivity to the ALP-photon and
ALP-electron couplings. We find that the sensitivity to these couplings at the ongoing MINER
and various other reactor based neutrino experiments, e.g., CONNIE, CONUS, ν-cleus etc. exceeds
existing limits set by laboratory experiments and, for the ALP-electron coupling, we forecast the
world’s best laboratory-based constraints over a large portion of the sub-MeV ALP mass range.
Introduction. - Axions are a well-motivated and exten-
sively explored extension of the Standard Model (SM)
both for their ability to address the strong CP prob-
lem [1–3], and for serving as a dark-matter candidate
(see, for example, the reviews [4–6]). Theoretical studies
have branched away from solely investigating the original
QCD axion, the pseudoscalar which can solve the strong
CP problem, and have incorporated general axion-like
particles (ALPs) into a range of models.
Axions and ALPs are undergoing a period of intense
experimental scrutiny from a wide array of approaches
that exploit an axion-photon coupling in helioscopes
such as CAST [7, 8] and IAXO [9], haloscopes includ-
ing Abracadabra [10, 11], ADMX [12, 13], CASPEr [14],
HAYSTAC [15, 16], light-shining-through-walls experi-
ments including ALPSII [17], and additional experiments
that exploit the possible axion-photon coupling through
interferometry [18, 19] such as ADBC [20] and DANCE
[21]. Additionally there are a variety of current and pro-
posed beam dump and fixed target experiments that can
search for a → γγ decays or axion bremsstrahlung from
electrons including FASER [22], LDMX [23, 24], NA62
[25], SeaQuest [26], and SHiP [27]. For a recent review of
the current status and future prospects of axion searches
at collider see, for example, Ref. [28]. Neutrino exper-
iments such as NOMAD [29] have been used as ALP
searches, and there are proposals such as PASSAT [30]
which are hybrids of the beam dump and helioscope ap-
proaches. Dark-matter direct detection experiments in-
cluding XMASS [31], EDELWEISS-III [32], LUX, [33],
PandaX-II [34], Xenon1T [35], and SuperCDMS [36],
which have excellent electron recoil measurement capabil-
ities, have also been used to search for ALP-electron scat-
tering in addition to proposals for constraining this cou-
pling through the use of geoscopes [37]. Direct detection
experiments such as DAMA [38], EDELWEISS-II [39],
and XMASS [40] also have demonstrated sensitivity to
axion-photon couplings. Solar axions produced through
nuclear transitions can also be searched for through res-
onant absorption by laboratory nuclei, which provides
a bound on axion-nuclon couplings [41–46] (see also the
brief discussions in the reviews [9, 47]).
An ALP field a could couple to SM particles through a
myriad of operators, but the focus of this work is those of
dimension-five, coupling a to the electromagnetic current
and its dual gaγγaFµν F˜
µν , as well as the dimension-four
operator gaeeaψ¯γ
5ψ, coupling a to electrons.
In this paper, we focus on a new direction in ALP
searches involving low-energy detectors at nuclear reactor
facilities that will exploit both the copious photon pro-
duction (and therefore, possible ALP production) and
low-energy capabilities of the current detector technol-
ogy. Specifically, we discuss the capabilities for prob-
ing ALPs at the upcoming search for coherent elastic
neutrino-nucleus scattering (CEνNS) by the Mitchell In-
stitute Neutrino Experiment at Reactor (MINER) Col-
laboration [48], and at a few other reactor based CEνNS
experiments, e.g., CONNIE [49], CONUS [50], and ν-
cleus [51] experiments. The MINER experiment consists
of an array of low-threshold cryogenic germanium detec-
tors sited a few meters from the core of the 1 MW nuclear
reactor at the Nuclear Science Center 14 (NSC) at Texas
A&M University. The CONUS, CONNIE and ν-cleus
use GW reactors and Ge, Si-Skipper and CaWO4(Al2O3)
detector technologies, respectively. The nuclear reactor
cores at these experiments will produce a copious amount
of photons which can scatter off the material within the
reactor tank to produce ALPs. On the detection side, the
ALPs can directly scatter off detector nuclei and elec-
trons, as well as decay in flight to photon or electron-
positron pairs, providing a constraint on either the ALP-
photon or ALP-electron coupling, respectively.
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2In a previous reactor-based investigation by the TEX-
ONO Collaboration [52], ALP production was modeled
as arising from neutron capture or nuclear de-excitation
with a branching ratio to ALPs (relative to photon pro-
duction) that depends on the ALP mass, ma, through an
ALP-nucleon coupling, thus leading to weakening con-
straints as ma decreases. In the present work, how-
ever, we adopt a minimal approach where no ALP-
nucleon coupling is assumed, and ALPs are produced
via photon-induced scattering processes. These produce
ma-independent bounds for ma . 0.1 MeV, allowing for
broader coverage of the parameter space. Future work
will consider inclusion of the nucleon coupling, which can
improve sensitivity in some regions of parameter space.
We demonstrate that the current germanium configu-
ration for MINER along with the ongoing CONUS, CON-
NIE and ν-cleus experiments can become the most sensi-
tive laboratory-based detectors to gaγγ within an ALP
mass range of ∼ (1 − 106) eV, and gain access to a
wide swath of new parameter space in a similar mass
range over several orders of magnitude in the coupling
gaee. These results speak to the tremendous opportunity
for low-threshold detectors at nuclear reactor facilities
and/or CEνNS experiments to search for ALPs.
In this paper we focus on laboratory searches which
control both the production and detection sectors of the
ALP processes. The ALP parameter space is also investi-
gated by the astrophysical processes, however, there exist
several possible ways to circumvent astrophysical bounds
that would exclude such a particle. These mechanisms
have been discussed in the context of specific particle
physics models, e.g., Refs. [53–59]. These works investi-
gate the environmental dependence of ma and gaγγ which
could allow the evasion of the bounds emerging from the
null observation of ALPs at CAST (ma < 0.01 eV) and
studies of the evolution of populations of RG and HB
stars in globular clusters (ma < 1 keV). For example, in
Ref. [58], a few additional scalars are introduced and the
scalar dynamics are designed to invoke a phase transition
below typical star temperatures. Consequently, the axion
is produced along with a scalar whose mass may be above
the stellar temperature (O(10) MeV). If this is the case,
then axion production becomes exponentially suppressed
such that astrophysical bounds would become irrelevant
for any combination of ma and gaγγ values projected to
be constrained in this paper. In Refs. [54, 59] the axion
is considered to be a chameleon-type field with its mass
depending on the environmental matter density ρ. In
this scenario, the axion effectively becomes much heav-
ier inside stars so that the axion with ma ≥ 10−1 eV
(as measured in the laboratory) does not suffer from the
stellar constraints. Furthermore, Refs. [55–57] explored
the possibility that the axion is a composite particle with
a form factor leading to a suppression of the production
in the stellar media which would evade the stellar con-
straints. In addition, they also considered models with
a paraphoton where the ALPs are trapped in the stellar
interior and they cannot freely escape, thus evading the
stellar bounds.
ALP Production and Detection. - We will focus on
a generic model where the ALP can couple to either a
photon or an electron as described by interaction terms
in the Lagrangian of the form
Lint ⊃ −1
4
gaγγaFµν F˜
µν − gaeeaψ¯eγ5ψe (1)
where Fµν is the electromagnetic field strength tensor
and its dual F˜µν = µνρσFρσ.
Due to the photon coupling, ALPs can be produced
through the Primakoff process γ(p1) + A(p2) → a(k1) +
A(k2) [60], where A is an atomic target (Fig. 1). This in-
teraction proceeds through a t-channel photon exchange
whose rate is governed by the strength of the coupling
gaγγ . This process is enhanced by the coherency factor
Z2 where Z is the atomic number. The forward scatter-
ing differential cross-section is [61, 62]
dσpP
d cos θ
=
1
4
g2aγγαZ
2F 2(t)
|~pa|4 sin2 θ
t2
(2)
We will use superscripts p and d to distinguish be-
tween production and detection cross-sections, respec-
tively. Here α = e2/(4pi) is the standard electromagnetic
fine structure constant, F 2(t) contains the atomic and
nuclear form factors, and |~pa| is the magnitude of the
outgoing three-momentum of the ALP at the angle θ rel-
ative to the incident photon momentum. The square of
the four-momentum transfer is given by t = (p1− k1)2 =
m2a +Eγ(Ea − |~pa| cos θ) for a photon of incident energy
Eγ that produces an ALP of energy Ea and mass ma.
ALPs can also be produced through an s- plus u-
channel Compton-like scattering process on electron tar-
gets γ+e− → a+e− which has a differential cross-section
[63–65]
dσpC
dx
=
Zpig2aeeαx
4pi(s−m2e)(1− x)
[
x− 2m
2
as
(s−m2e)2
(3)
+
2m2a
(s−m2e)2
(
m2e
1− x +
m2a
x
)]
where me is the electron mass, s is the usual Mandelstam
variable (s−m2e = 2Eγme in the electron rest frame), and
x is the fractional light cone momentum, which can take
values between 0 and 1. In the laboratory frame, one may
perform a change of variables using x = 1−Ea
Eγ
+
m2a
2Eγme
.
Within the framework adopted here, once produced,
the ALP can generate a detectable signal in several ways.
The ALP could decay to two photons or an electron-
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FIG. 1: Cartoon of the ALPs and their production (left), scattering, and decay possibilities (right) at a reactor neutrino
experiment. The ALP may decay inside the shielding and evade detection (dashed lines). ALPs that free stream through the
shielding (solid line) may be detected via the inverse Primakoff and Compton scattering channels and decay channels. The
detector would be housed inside a hermetic shielding to further reduce the gamma and neutron backgrounds (solid blue).
positron pair with the well-known decay widths
Γ(a→ γγ) = g
2
aγγm
3
a
64pi
, (4)
Γ(a→ e+e−) = g
2
aeema
8pi
√
1− 4m
2
e
m2a
(5)
which, in conjunction with the ALP kinetic energy, fix
the decay length. Secondly, the ALP could be detected
through the inverse Primakoff process a + A → γ + A,
which has the same differential cross-section as in Eq. (2),
with the alteration that the front-factor 1/4 becomes 1/2
due to the initial spin states including a spin-0 ALP
rather than a spin-1 photon. Therefore, for non-zero
gaγγ , the production (via Primakoff) and the scattering
(inverse) cross-sections involving both electron and nu-
cleus in the atom have a Z2 enhancement [61]. Finally,
the ALP could interact with electrons through the inverse
Compton-like process, a+ e− → γ + e−, which produces
photons from electron bremsstrahlung as well as electron
recoils for non-zero gaee where the enhancement factor is
Z as in the production case shown in the Eq. (3). This
process has a differential cross-section of the form [66, 67]
dσdC
dΩ
=
Zg2aeeαEγ
8pim2e | ~pa |
(
1 +
4m2eE
2
γ
(2meEa +m2a)
2
− 4meEγ
(2meEa +m2a)
− 4m
2
a | ~pa |2 meEγ sin2 θ
(2meEa +m2a)
3
)
(6)
The Experimental Setup. - Let us first discuss
MINER as a baseline example to consider for an ALP
search. The MINER experiment consists of SuperCDMS-
style cryogenic germanium detectors situated at 4.5 m
from the core of a TRIGA type 1-MW reactor with low
enriched 235U at the NSC (the reactor-detector system
allows for closer proximity down to ∼ 2 m for the next
phase). Though the experiment was established for de-
tection of CEνNS, it is also ideally situated for ALP
searches in previously unexplored regions of ma − gaγγ
parameter space. This is due to the combination of a
substantial photon flux of 1019 γ/s from the reactor, the
nearness of the detectors, their low-threshold sensitivity,
and detection via both scattering and decay channels. As
an example of the reach for this experimental layout, for
ma = 1 MeV and gaγγ = 10
−6 MeV−1, the photon flux
from ALP decay will be approximately 13.6 cm−2s−1,
with an ALP flux of 72.0 cm−2s−1. Depending on the
choice of ma and gaγγ , the photon rates may vary in
comparison between ALP scattering and decay.
Estimation of the ALP signal rate is performed as fol-
lows. We take a reactor photon flux from MINER, de-
scribed in Ref. [48], which we restrict to > 25 keV in
energy due to the binning of the background simulation,
taken at the reactor core. We expect the integrated reac-
tor flux to scale linearly with thermal power of the core,
which provides rudimentary means of extrapolating this
flux to the other GW-scale reactors in our consideration.
We then convolve the flux with the Primakoff or Comp-
ton cross-sections to produce ALPs from photons scat-
tering with the core material, in this case approximated
by a core of pure thorium (Z = 90, averaging across
atomic numbers in the core). ALPs are then allowed to
propagate through the shielding material until they ei-
ther decay in flight or scatter off the detector material.
The convolution performed here is similar to the one
in the TEXONO analysis, except in this case the pro-
duction mechanism via Primakoff or Compton conversion
imposes a branching ratio Γa/Γ ≡ σpa/(σpa + σSM ). Here
σpa = σ
p
C , σ
p
P is the total Compton or Primakoff axion-
production cross-section, respectively, and σSM repre-
sents the total photon scattering cross-section against
core material taken from the Photon Cross Sections
Database [68]. The event yield S from ALP scattering is
therefore given by, in the Primakoff case,
S = NT
∫
σdP ·
Γa
Γ
· Psurv · dΦγ
dEγ
dEγ (7)
where NT is the number of target atoms, σ
d
P is the Pri-
4makoff scattering cross-section in the detector,
dΦγ
dEγ
is
the differential photon flux at the detector, and Psurv =
exp[−`dma/(paτ)] is the axion survival probability for
a core-detector proximity `d, axion lifetime τ , and mo-
mentum pa. In the Compton case, we must also include
the differential probability of producing an axion with
energy Ea, giving an additional factor
1
σC
dσC
dEa
and an ad-
ditional integration over axion energies (unlike the Pri-
makoff case, in which the photon energy is coherently
converted into axion production, where we have which we
have implicitly integrated out the factor of δ(Ea − Eγ)
in Eq. (2)). To keep the analysis simple, no ALP flux
attenuation is applied from scattering inside the shield-
ing; however, we also assume no ALP production inside
the shielding, nor do we include other channels of ALP
production (e.g., axion bremsstrahlung) inside the core,
leaving the signal yield estimate on the conservative side.
Diphoton and electron-positron pair production from
ALP decay may also contribute to the event yield, but
the ALP must bypass the shielding sections in order for
the decay products to be seen by the detector; hence,
after taking into account the number of axions that sur-
vive the shielding sections, we apply the additional decay
probability Pdecay = 1−exp [−∆`ma/(paτ)] for a fiducial
detector length ∆`.
The estimated detector and reactor specifications rele-
vant to the signal estimation (thermal power, core prox-
imities, background rates and exposures) for MINER, ν-
cleus, CONNIE and CONUS are listed in Table I. Since
these experiments are specific to neutrino scattering, ap-
proximate background rates are quoted in their appro-
priate regions of interest (ROI), determined by the end-
points of the neutrino-nucleus recoil response in the range
of 1-4 keVnr, depending on the detector material. Al-
though this energy range is small compared to the sig-
nal region for an ALP search that one may consider,
the rates should give a good approximation of the to-
tal background, which substantially attenuates beyond
these nuclear endpoints. Then, by the 2.6 MeV thallium
endpoint, all radiochemical backgrounds should be ab-
sent. The sensitivities to gaγγ and gaee should be stable
to uncertainties on these backgrounds up to an order-of-
magnitude, since the signal yield is proportional to four
powers of the coupling. Additionally, backgrounds aris-
ing from radiochemical sources external to the detector as
well as reactor photons that pass through the shielding
may be further suppressed using a scintillating module
that encases the detector within the experimental cham-
ber. Photons that pass through this layer may then be
vetoed in the event trigger in favor of ALP-like signals
in which invisibly enter the detector volume. This is a
possibility at the MINER experiment, but in this work
we place all experiments on the same footing and assume
no photon veto.
The detected photon spectrum from ALPs, produced
and detected in Primakoff and Compton channels, or de-
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FIG. 2: The 1-MW MINER photon flux at the reactor core
is shown in black (top). The subsequent scatter and decay
rates from ALPs in the detector volume are shown (bottom)
for individually chosen values of gaγγ and gaee for a 10-keV
ALP. Perfect detector efficiency and energy reconstruction is
assumed. Expected backgrounds are omitted, as they require
dedicated analyses specialized to each detector.
caying to diphoton pairs in the detector, is shown in
Fig. 2 for a 1-MW reactor. As from Eq. (2), the scat-
tering spectrum pictured is independent of ma in the
forward limit, while the ALP decay-driven photon rate
is dependent on both ma and gaγγ via Eq. (4). The ex-
pected backgrounds are not pictured, but they are ex-
pected to attenuate quickly by the 2.6-MeV thallium
endpoint. Since we consider a variety of experiments in
this analysis, we will avoid assumptions about the back-
ground shape and conservatively opt for a single-binned
treatment of the signal and background.
Results. - Having set the stage for the ALP search at
an array of reactor neutrino experiments, we are now in
a position to present its reach on both ALP-photon and
ALP-electron couplings over a range of ALP masses. We
evaluate limits on the ALP signal sensitivity for MINER,
CONNIE, CONUS and ν-cleus experiments keeping only
one coupling non-zero at a time.
TABLE I: Approximate specifications for the reactor and de-
tector benchmarks are summarized from Refs. [48–51, 69].
Background rates in DRU (kg−1keV−1 day−1) are listed, and
are based on the rates that appear in the ROI of each re-
spective experiment. Exposures are based on a 3-year run
period.
Experiment
Core
Thermal
Power
Core
Proximity
(m)
Bkg Rate
in ROI
(DRU)
Exposure
(kg·days)
MINER (Ge) 1 MW 2.25 100 4000
ν-cleus (CaWO4) 4 GW 40 100 10
CONNIE (Si CCD) 4 GW 30 700 100
CONUS (Ge PPC) 4 GW 17 100 4000
5100 101 102 103 104 105 106 107
ma [eV]
10−6
10−5
10−4
10−3
10−2
10−1
100
g a
γ
γ
[G
eV
−1
]
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FIG. 3: Limits for κ = 2 (' 95% C.L.), after a 3-year expo-
sure, are derived on the ALP-photon (top) and ALP-electron
(bottom) couplings gaγγ and gaee as a function of ALP mass
ma for the MINER, ν-cleus, CONNIE, and CONUS bench-
marks. Astrophysically-derived constraints are shown with
light shading. The limit on each coupling assumes all other
ALP couplings to be negligible.
As a conservative evaluation of the sensitivities for each
benchmark experiment, we calculate the projected limits
on the ALP mass and couplings via a single energy bin
analysis using κ =
Ns√
Ns +Nb
as a test statistic where
Ns and Nb are the integrated signal and background
events, respectively. Given more precise knowledge of
the expected background spectra, reactor photon flux,
and shielding geometry, an energy-binned analysis could
improve the sensitivity to ALP signals by taking advan-
tage of the vanishing background at 2.6 MeV.
Fig. 3 (top) shows the resulting κ = 2 contours (' 95%
C.L.) on (ma, gaγγ) for MINER, CONUS, CONNIE and
ν-cleus for ALPs coupled purely to photons. The flat
limit for ma ≤ 104 eV is set by ALP scattering in the de-
tector material and is ma-independent (the reactor pho-
ton flux producing the axion is also constant in this en-
ergy range, originating from the single energy bin below
25 keV), while the limit peaked at ma ' 4 MeV is set
by the a→ γγ rate which depends on the distance from
the flux source and the ALP decay length. The sharp
loss in sensitivity by ma ' 10 MeV is due to the high-
energy endpoint of the reactor photon flux sample that
was used, which is quickly falling to zero by Eγ ' 10
MeV, and therefore places an upper limit on the pro-
ducible axion mass. MINER also plans to use a 200-kg
CsI detector in the upcoming future. However, since the
background for a CsI detector is not given for a reactor
experiment, we are not providing any projection for this
future plan.
Fig. 3 (bottom) shows similar limits on (ma, gaee) for
MINER, CONUS, CONNIE and ν-cleus for ALPs cou-
pled purely to electrons. The limits are dominated by
ALPs scattering off the detector material. Contributions
from ALP decay a→ e+e− require ma > 2me ' 1 MeV,
but ma cannot be too heavy in order to satisfy the pro-
duction threshold s ≥ (ma +me)2. In this narrow range
of ma, gaee is either too large and a decays before reach-
ing the detector, or gaee is too small to give a statistically
significant scattering yield. In the low ma limit, sensitiv-
ity flattens out as the ALP-electron scattering differential
cross-section (Eq. (6)) becomes ma-independent (again,
the reactor photon flux is constant arising from the single
energy bin below 25 keV).
Among the reactor-based experiments, CONUS has
the best sensitivity as it has the closest core-detector
proximity and largest exposure of the GW-scale reac-
tor experiments. CONNIE and ν-cleus sensitivities are
smaller than MINER and CONUS due to their smaller
detector masses and relatively larger separations from the
photon source at the core. We expect all of these exper-
iments can beat the existing best constraints from the
laboratory all the way down to ma = 100 eV for photon
couplings. From ma = 1 MeV to the massless limit, our
projections exceed all laboratory constraints on axion-
electron couplings. Lastly, while constraints from astro-
physics and cosmology may be evaded by a wide variety
of models as discussed previously, we also show relevant
existing astrophysical constraints [28, 32], colored with
light shading, in Fig. 3. Even for ALP models where
those constraints apply, we project coverage over new pa-
rameter space, in particular over the “cosmological trian-
gle” of unexplored parameter space formed between the
beam dump, HB stars, and SN1987a exclusions.
This work has demonstrated the exciting and new pos-
sibility of highly sensitive ALP searches from ALP scat-
tering processes with currently existing low-threshold de-
tectors at MW nuclear reactor facilities such as MINER,
as well as GW reactor experiments, e.g., CONUS, CON-
NIE, and ν-cleus. In addition to reactor-based searches,
stopped-pion experiments also have a high photon flux
6which can be leveraged for similar ALP searches 1.
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